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Abstract
The clod method is a widely used and accurate bulk density method. However, its use is
limited to sampling from soil pits. This study was conducted to: 1) determine whether
clods collected from cores provide similar bulk density measurements to those collected from soil pits and 2) evaluate the impact of various clod bulk density methods
on carbon stock calculation. Clods were collected from soil pits, 5.1 cm soil cores, and
8.9 cm soil cores. Three-dimensional laser scanning was used to measure the volume
of the soil clods before and after oven-drying and bulk density was calculated as the
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dry mass of the clod divided by volume. Of 24 horizons sampled, 17 showed no significant effect of sampling method (core vs. pit) on dry bulk density. The error introduced
by collecting clods from a core was small enough that it had no significant effect on
carbon stock (p = .683). However, the moisture at which clods were scanned did have
a significant effect on carbon stocks (p = .002 to 0.016). Data from the study suggest
that collecting clods from soil cores introduces minimal error, but attention should be
given to the moisture state at which clod volume is determined.
Keywords: Soil bulk density, volumetric analyses, soil sampling

Introduction
Soil bulk density affects soil strength, hydraulic properties, and aeration.
The ideal bulk density for plant growth is less than 1.10 g/cm3 (for soil
with clayey texture) or less than 1.60 g/cm3 (for soils with sandy texture) (Arshad, Lowery, and Grossman 1996). High bulk density indicates
low porosity and higher overall compaction of the soil. Compaction in
cropping systems decreases water and nutrient storage which can cause
the need for additional fertilizer and increase production cost (Hamza
and Anderson 2005). Compaction can be caused by human land use,
including intense grazing, short crop rotation, farm implement traffic,
and forest management (Batey 2009).
Bulk density is also needed for the calculation of soil organic carbon
(SOC) stocks, which express SOC mass per unit area (Boone et al. 1999;
Gross and Harrison 2018). Soil organic carbon stocks are used to analyze
the role of soils in the global carbon cycle and potential for soils to store
carbon (Jantz, Goetz, and Laporte 2014). When carbon is stored in soils,
its release back to the atmosphere is slowed, providing an important
mechanism of climate change mitigation. The methods used to measure
bulk density are critical to the accuracy of SOC stock calculations. Even
a small change in bulk density can lead to large inaccuracy of SOC stock
calculations and prevent valid comparisons over time (Gross and Harrison 2018; von Haden, Yang, and Delucia 2020). As interest in carbon
sequestration grows, the roles of sampling equipment and methods impacting the accuracy of SOC stocks will be an important concern (Coates
et al. 2018).
There are many different methods for measuring bulk density. The
methods have been developed to address various challenges that can
arise in collecting samples that preserve the physical arrangement of
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soil particles and void space. Challenges can arise from obstructions in
the soil, which make it difficult to remove an intact sample (e.g., rocks,
roots), as well as a lack of cohesion that makes it difficult to preserve
the intact sample. The three most widely used bulk density methods
are the excavation method, clod method, and core method (Grossman
and Reinsch 2002). In the excavation method, the mass of soils removed
and volume of the resulting cavity are used to calculate bulk density.
This method is the most accurate because it minimizes disturbance and
sampling bias (Coates et al. 2018; Gross and Harrison 2018), but it is
time and labor-intensive, especially when measuring bulk density of the
subsoil. In the clod method, an intact clod (coherent mass) of soil is collected in the field and returned to the lab to measure its volume by water
displacement (Gross and Harrison 2018; Grossman and Reinsch 2002;
Hirmas and Furquim 2006), three-dimensional laser scanning (Rossi et
al. 2008), or photogrammetry (Whiting et al. 2020). Different variations
of the clod method also exist, with some reporting measurement of clod
volume before drying (Gross and Harrison 2018) and others measuring
only the oven-dry volume (Hirmas and Furquim 2006; Rossi et al. 2008;
Whiting et al. 2020). The main source of error associated with the clod
method is sampling bias introduced by the tendency of clods to break
along interpedal voids, thus under-representing this form of macroporosity. Despite this potential for bias, bulk densities measured by the
clod method are not significantly different from those determined by
the excavation method (Gross and Harrison 2018). In the core method,
a soil sample is collected from an exact predefined volume, using a soil
probe or ring-and-hammer sampler to push a cylinder of known volume
into the soil (Coates et al. 2018). The force required to push the cylinder
into the soil can introduce error, either by compacting the soil within the
core, or leaving void spaces where obstructions, such as roots or rock
fragments, are pushed out of the way. As a result, bulk densities obtained
by this method are found to be significantly different from both the clod
and excavation methods, most often leading to an underestimation of
bulk density (Gross and Harrison 2018; Vanremortel and Shields 1993).
While the core method is more widely cited in the scientific literature
(Throop et al. 2012), the clod method has been used extensively in soil
survey, and the ability to make direct comparisons to legacy data from
soil surveys is an advantage of this method (Soil Conservation Service
1966; Soil Survey Staff 2014).
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Considering the legacy of data collected by the clod method in soil
databases, relative accuracy of the method, and emerging technologies
leading to new ways of measuring clod volume (Rossi et al. 2008; Whiting et al. 2020), this method is certain to continue to be an important
technique for measuring bulk density. However, the validity of different methods for taking clod samples is unknown. There are questions
regarding the most appropriate method for determining bulk density
changes when study sites are sampled initially by the pit method and
later by the probe method. Previous studies have used the diameter of
the probe to calculate volume and determine bulk density (Veenstra
and Burras 2015), however this leads to questions regarding whether
changes in bulk density reflect actual changes in the soil, or if they can
be attributed to differences between the methods used to measure bulk
density (Gross and Harrison 2008; Vanremortel and Shields 1993). Another approach would be to extract a clod from the soil core, so that the
same method of bulk density measurement can be repeated. However,
it is unknown whether this approach provides bulk density measurements that are comparable to clods extracted from a soil pit. Additional
questions then arise regarding the diameter of the core that must be
extracted to obtain clod bulk densities that are comparable to those obtained from a pit. Core diameter has been shown to significantly affect
bulk density measurements between small diameter cores (2.5 and 5.1
cm) using the core method (Coates et al. 2018). However, this may become less important with larger diameter cores typically used for pedon
description, and when clods are extracted from the core, ideally removing the outer edge of the sample, which is more likely to be disturbed
during coring.
The primary objective of this study was to compare clod bulk densities between samples collected from a pit and those collected from soil
cores of different diameter (5.1 and 8.9 cm). This comparison will test
the hypothesis that clods collected from cores provide similar measurements to those collected from a soil pit. A secondary objective
was to determine the potential effects of both clod collection method
and moisture at which clod volume is measured on resulting carbon
stock calculations.
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Figure 1. Study areas: (a) location of Pintail and White Front Wildlife Management
Areas (WMAs) in Nebraska, (b) shaded relief map of the Pintail WMA showing the
location of soil pits in the upland and basin, (c) shaded relief map of the White Front
WMA showing the location of soil pits in the upland and basin.

Materials and methods
Study sites
Soil samples were collected from two sites south of Aurora, NE in Hamilton and Clay counties (Figure 1). The soils sampled were Argiustolls
and Argiaquolls formed in Peoria Loess (Table 1). The soils in the area
have a mesic temperature regime and an ustic moisture regime with
average annual precipitation of 69.8 cm (Hammer, Ragon, and Buechle
1981). Closed depressions, locally referred to as rainwater basins, are
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Table 1. Pedon description of the four soil pits. Textures were measured by laser diffraction scanning, all other
properties were described in the field.
Horizon
Depth (cm)
Texture
			
Pintail Upland: Argiustoll
A
0–15
Bt1
15–31
Bt2
31–49
Bt3
49–84
Bw
84–124
BCk
124–150+

Silt Loam
Silty Clay Loam
Silty Clay Loam
Silty Clay Loam
Silt Loam
Silt Loam

Color
Structure
(moist)		
10YR 2/1
10YR 2/2
10YR 3/2
2.5Y 4/3
2.5Y 5/3
2.5Y 5/3

Pintail Basin: Argiaquoll
A
0–11
Silt Loam
10YR 2/2
AE
11–26
Silt Loam
10YR 2/2
Bt1
26–44
Silty Clay Loam
10YR 2/1
				
Bt2
44–86
Silty Clay
10YR 2/1
Bt3
86–121
Silty Clay
10YR 2/1
Bt4
121–150+
Silty Clay Loam
10YR 3/3
White Front Upland: Argiustoll
A
0–17
Silty Clay Loam
Bt1
17–46
Silty Clay Loam
Bt2
46–63
Silty Clay Loam
Bw
63–89
Silt Loam
BC
89–109
Silt Loam
Ck
109–150+
Silt Loam

10YR 2/2
10YR 3/3
10YR 5/3
2.5Y 5/3
2.5Y 5/3
2.5Y 5/3

White Front Basin: Argiaquoll
A
0–12
Silty Clay Loam
10YR 2/2
AE
12–30
Silt Loam
10YR 3/1
Btss1
30–41
Silty Clay
10YR 3/1
Btss2
41–83
Silty Clay
10YR 3/2
				
Btk
83–101
Silty Clay Loam
10YR 3/3
BCk
101–136+
Silt Loam
10YR 4/2

Moderate Granular
Moderate Subangular Blocky
Moderate Subangular Blocky
Moderate Prismatic
Weak Prismatic
Weak Subangular Blocky
Moderate Granular
Weak Platy
Weak Platy and
Weak Subangular Blocky
Weak Subangular Blocky
Moderate Subangular Blocky
Weak Subangular Blocky
Moderate Subangular Blocky
Weak Prismatic
Moderate Prismatic
Moderate Subangular Blocky
Weak Subangular Blocky
Weak Subangular Blocky

Weak Subangular Blocky
Moderate Platy
Weak Prismatic
Weak Prismatic or
Moderate Subangular Blocky
Weak Subangular Blocky Very
Weak Subangular Blocky

Moist
Consistence
Friable
Firm
Firm
Firm
Friable
Friable
Friable
Friable
Friable
Firm
Firm
Friable
Friable
Firm
Friable
Friable
Friable
Friable
Friable
Firm
Firm
Firm
Firm
Friable

common in the area and soils within the depressional landforms have
aquic soil moisture regimes (Hammer, Ragon, and Buechle 1981). The
vegetation mainly consists of tall, mid, and short native grasses. Both
sites were located in state Wildlife Management Areas in the rainwater
basins and serve as a critical habitat for migratory birds that travels
through the Central Flyway (Tang et al. 2018).
Field methods

The soil pits used in this study were opened for use in the Region 5
Collegiate Soil Judging Contest. There were two pits at each site and
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six horizons in each soil profile. The location of the core extraction was
within one meter of the pit face and the two cores were taken 50 cm
apart from each other. The cores were extracted down to 150 cm and
were sampled by morphologic horizon (Table 1). Three different methods were used to collect the clods. The first method was collection of the
clods from the wall of backhoe-excavated soil pits, by gently prying out
an intact sample from the wall. The second method was collection of an
intact clod from 5.1 cm cores extracted using a truck-mounted Giddings
probe (Model #10-SCS GSPS, Giddings Machine Company, Windsor, CO).
The third method was collection of clods from a 8.9-cm core collected
with the same Giddings probe truck. The total number of clods collected
was 216 (two sites x two profiles per site x 6 horizons per profile x 3
sampling methods x 3 replicates per method). Each soil sample was
secured and transported by wrapping them in aluminum foil inside of
an airtight plastic bag to retain its moisture and preserve the samples.
Laboratory methods

Bulk density was measured by the three-dimensional laser scanning
method (Rossi et al. 2008) utilizing the NextEngine Desktop 3D Scanner (Model 2020i, NextEngine, Inc., Santa Monica, CA). For each clod,
the moist and dry bulk densities were calculated and recorded separately because the amount of moisture in the soil affects the clod volume
(Sander and Gerke 2007). The moist clods were cleaned from excess
roots and weighed before scanning. Three different colored pins were
placed strategically around the soil sample to mark the scanning points
for the first run before the sample was repositioned again on the scanner for the second run to obtain the full 360° images of the clod. Images
from both scans were fused using ScanStudio software by matching and
aligning the scanning points from the colored pins to produce the 3D
model of the soil clod sample (Figure 2).
After the 3D model of the clod was constructed, the volume of the
clods was calculated using ScanStudio software. Upon the completion of
scanning, the clod was dried overnight at 105°C. After drying, the clod
was weighed again along with any crumbs that fell off the clod between
scanning and weighing. The crumbs were discarded before the second
scanning procedure for the dry clod to measure the oven-dry volume.
The procedure was replicated for 216 clods, resulting in 432 total scans
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Figure 2. Three-dimensional models of clods generated using the NextEngine 3D
scanner.

between the dry and the moist clods. The bulk densities were calculated from the weights and volumes of the samples collected using the
formulas:
ρbm =

Md
Vm

(1)

Md
Vd

(2)

ρbd =

where ρbm = moist bulk density in g/cm3, ρbd = oven dry bulk density in
g/cm3, Vm = field moist volume in cm3, Vd = oven dry volume in cm3, Md
= oven dry mass in g.
No correction for gravels was required since the soils were formed in
loess parent material and contained no gravels.
After scanning, the clods were crushed and analyzed for SOC by dry
combustion (Skjemstad and Baldock 2011). A sample weighing 0.5 to
1.0 g was collected from each crushed clod and treated with 1 mL of 6%
sulfurous acid to remove carbonates. The treated samples were then
examined on a combustion analyzer (LECO CN989, LECO Corporation,
St. Joseph, MI).
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Statistical methods
Comparisons between the three sampling methods were made for each
horizon using one-way ANOVA in GraphPad Prism 8.4.6. This analysis
was performed using the dry bulk densities only, as the field moist bulk
densities from the soil pit were subject to more extensive drying before
sampling, resulting in differences in field moisture between the sampling
methods.
Horizon depths, dry bulk densities, and SOC contents were used to
calculate carbon stocks for each of the sampled pedons. Carbon stocks
were calculated according to the formula:
M =
A

n

∑
i=1

(Ti × ρbi × fi )

(3)

where M = mass in kg, A = area in m2, n = number of horizons in the soil,
Ti = thickness of horizon i (in m), ρbi = bulk density of horizon in (in kg
m−3), and fi = fraction of sample mass composed of carbon (Turk and
Graham 2009).
The calculation was repeated using each set of bulk density data
(pit, 5.1-cm core, and 8.9 cm core) and effect of bulk density method
on carbon stock was evaluated using one-way ANOVA in GraphPad
Prism 8.4.6. The C fraction data used for each pedon was the same for
each set of bulk density data (average of data collected from each of
the two cores).
Lastly, the effect of moisture-state at which volume was measured
(field moist vs. oven-dry) was evaluated by comparing resultant SOC
stocks. In this analysis, only core data were included, as clods from the
soil pits dried somewhat between the time at which the pit was open
and when the clods were collected. Carbon stocks for the four Argiaquoll
cores (two sites x two core-diameters) and the four Argiustoll cores
(two sites x time core-diameters) were calculated as described above.
The calculation was performed using the oven-dry and field-moist bulk
densities and resulting SOC stocks were compared using a paired t-test
in GraphPad Prism 8.4.6.
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Results and discussion
Comparison of sampling methods
The sampling method used produced clods that were visibly different
in shape (Figure 2). Many of the clods extracted from cores had edges
shaped by the coring tube, for which the arrangement of particles in
the sample is likely to have been altered during coring. This was especially true of the clods extracted from the 5.1-cm core. In addition, clod
size was limited by the coring tube diameter. Average clod size varied
between the sampling methods, averaging 147 cm3 for clods from the
pit, 175 cm3 for clods from the 8.9-cm core, but only 51 cm3 for clods
extracted from the 5.1-cm core.
The soils examined in the study showed typical patterns of bulk density variation among horizons within the soil profiles (Figure 3). Elevated bulk density at the surface was observed in several of the soil pits.
This likely reflects the impact of disturbance by students participating
in the soil judging contest, as the same pattern was not observed in the
cores, which were collected away from the heavily used face of the soil
pit. The shallow peaks in bulk density observed in the basin soils at both
sites are likely due to structure collapse in AE horizons (Figure 3a,c), as
observed in previous studies (Vanremortel and Shields 1993). The bulk
density was elevated within the Bt horizons, which is similar to the pattern observed by others (Mausbach and Gamble 1984; Vanremortel and
Shields 1993), and can be attributed the infilling of void spaces with illuvial clays. Lower bulk densities were observed in the deepest horizons
in all soils (Figure 3). This could be explained due to the Peoria Loess
as the parent material that is usually highly porous and homogeneous
(Bettis et al. 2003), as well as the decrease in illuvial clay accumulations
at these depths.
Comparing between the sampling methods using one-way ANOVA, no
statistical difference was observed for 17 out of 24 horizons sampled,
significantly higher bulk densities were observed in clods collected from
the cores for five horizons, and significantly lower bulk densities were
observed in clods collected form the soil core for two horizons (Figure 3). In cases where the bulk densities were significantly higher in
the clods from cores, the average difference was 0.17 g cm−3. In cases
where the bulk densities were significantly lower in clods from the core,
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Figure 3. Plots of bulk density with depth for each of the soil pits and accompanying
5.1-cm and 8.9-cm cores: (a) Pintail basin, (b) Pintail upland, (c) White Front basin,
and (d) White Front upland. Morphologic horizon designations are indicated along the
right-hand axis of each graph. Error bars indication ±1 standard deviation. Results of
ANOVA comparison between the three sampling methods for each horizon are indicated by symbols: ns = not significant, * = significant (p < .05), ** = highly significant
(P < .01), *** = very highly significant (p < .001).

the average difference was −0.17 g cm−3. In most cases (22 out of 24 of
horizons), there was also no significant differences in bulk density of
clods collected from cores of different diameter. The agreement reported
here is better than in previous studies in which core volume was used
to calculate bulk density rather than using clods extracted from cores.
Studies comparing clod and core bulk densities typically report significantly higher values for the clod method relative to the core method
(Gross and Harrison 2008; Vanremortel and Shields 1993). Our method
of extracting clods from the core shows agreement for most horizons,
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and where differences are observed, the core bulk density is more often
higher, suggesting that compaction has occurred within the coring tube.
Even though the analysis shows no significant difference between the
sampling methods, there are limitations in this study. The types of soil
analyzed were limited to Argiustolls and Argiaquolls formed in loess
parent material. Further study with more diverse soils is needed. Furthermore, the 3D scanning was time consuming. A faster and cheaper
alternative using mobile photogrammetry is available and more efficient
compared to the 3D laser scanner (Whiting et al. 2020). In addition,
data collected in our study were not compared against the depth increment sampling for bulk density from the cores, which is a faster method
(Veenstra and Burras 2015; Stone and Schlegel 2010). It is possible that
the depth increments approach may yield similar results, especially considering the degree to which many of the clods extracted from our cores
resembled fragments of cores (Figure 2). Further study is needed to
determine if the 3D scanning method offers substantial improvement
over depth increment sampling.
Effect of sampling method and moisture on SOC stock calculation
using clod bulk densities

A second consideration made in this study was whether errors associated with different clod collection methods were large enough to cause a
significant change in SOC stocks. Analysis of variance comparing the SOC
stocks calculated using each set of bulk densities (pit, 5.1-cm core, 8.9cm core) revealed no significant difference (p = .683) (Table 2). Thus,
when SOC stock calculations are repeated under different experimental
conditions (i.e., at different times following management), but utilizing
different sampling methods (e.g., soil pit vs. core), it is likely that any
significant differences detected can be attributed to the experimental
conditions rather than the sampling method. While exact replication
of the sampling is the best approach, SOC stocks calculated from clod
bulk densities from soil pits and cores can be compared where repeated
opening of soil pits is not possible.
Another comparison made in this study was between SOC stocks calculated using field moist versus oven dry bulk densities (Table 3). Moist
bulk densities were consistently lower than dry bulk densities. This is
because the samples shrank during drying, leading to a bulk density
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Table 2. Soil organic carbon (SOC) stocks calculated using clod bulk densities from clods
extracted form soil pits, an 8.9 cm core, and a 5.1-cm core.
		

SOC Stock (kg m−2)‡

Pedon†

Calculated
with pit
bulk density

Calculated with
8.9-cm core
bulk density

Calculated with
5.1-cm core
bulk density

WF-Upland
P-Upland
WF-Basin
P-Basin

16.6
16.0
23.2
24.5

15.3
17.5
22.8
24.1

16.1
16.9
23.4
24.4

p-value§

.683

† Identified by site (WF = White Front, P = Pintail) and landscape position.
‡ Calculated according to Eq. 3, using oven dry bulk densities and average carbon fraction of
samples collected from both cores.
§ Calculated according to RM one-way ANOVA, with Geisser-Greenhouse correction.
Table 3. Soil organic carbon (SOC) stocks and results of paired t-tests comparing SOC stocks
calculated using oven dry and field moist bulk densities.
		

SOC Stock (kg m−2)

Great Group
Pedon†
		
		

Calculated using
oven dry
bulk density

Calculated using
field moist
bulk density

p-value

Argiustolls

16.09
15.32
16.93
17.52
23.4
22.8
24.4
24.1

14.59
13.95
16.43
15.90
22.3
21.2
23.1
22.4

.016

Argiaquolls

WF-Upland-5.1 cm
WF-Upland-8.9 cm
P-Upland-5.1 cm
P-Upland-8.9 cm
WF-Basin-5.1 cm
WF-Basin-8.9 cm
P-Basin-5.1 cm
P-Basin-8.9 cm

.002

† Identified by site (WF = White Front, P = Pintail), landscape position, and core diameter.

calculation that considers the same mass within a smaller volume. This
relationship is as expected, and supports previous findings that show
significant reductions in clod volume during drying (Sander and Gerke
2007). Furthermore the soils sampled in this study had slickensides
(see Table 1), which are indicative of shrink-swell soils and are in a region that is known to be dominated smectitic clays (Kuzila and Lewis
1993). These differences were big enough to lead to significantly higher
SOC stocks when calculated using dry bulk densities compared to field
moist bulk densities for both the Argiustolls (p = .016) and Argiaquolls
(p = .002). Thus, the moisture at which clod volume is measured can affect the bulk density, and in turn the SOC stock. This further raises the
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question of which is the more accurate method for SOC stock calculation.
We argue that use of field moist clods for bulk density analysis will lead
to more accurate SOC stocks, because the horizon volume (thickness x
area analyzed) was measured in the field moist state. Thus, field moist
bulk density is the more appropriate term for mass to volume conversion. This is especially true for fine-textured soils with smectitic mineralogy, including most loess soils of the Great Plains (Velde 2001). However,
this is likely to be less important for sandy soils. Therefore this work may
not discount the results of previous studies in which SOC stocks have
been calculated using oven dry bulk densities in soils with textures and
mineralogy that are not conducive to volume change (Turk and Graham
2009). Meta-analyses of SOC stocks should be cognizant of differences
in how bulk density is measured, including the moisture state at which
clod volumes are determined when using the clod method and tendency
of the soil to shrink and swell.
Conclusions
In this study of soils in upland and upland depressions landforms of the
High Plains, the average bulk density measured using clods extracted
from a soil pit and clods extracted from cores of 5.1 and 8.9 cm diameters
were not significantly different for 17 out of 24 soil horizons (Figure 3).
Where significant differences were observed, most often the bulk density was higher for the core samples. Among those samples the average
difference between the core and pit bulk densities was 0.17 g cm−3. The
two core sizes utilized in this study had minimal impact on bulk density
measurement, with significant differences between the two cores found
in only two soil horizons.
The differences between the bulk densities using clods extracted from
soil pits and cores are small enough in magnitude and frequency that no
significant effects on SOC stock calculations are observed. However, two
measurements of bulk density taken for the clods at different moisture
states (field moist vs. oven dry) did lead to significant differences in
the SOC stock calculation. This highlights the importance of considering
moisture state of the clods when volume is determined, particularly for
fine-textured soils with smectitic mineralogy, for which large changes
in volume occur in response to drying.
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In situations where opening a soil pit is not practical due to time
or need to minimize disturbance, comparable bulk densities can be
achieved using clods extracted from a soil core (diameter of 5.1 cm or
greater). This provides greater flexibility in sampling methods available to soil scientists who need bulk density data to meet their research objectives, including SOC stock calculation or forest management
assessments.
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